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I. OVERVIEW OF THE SBN EXPERIMENTAL PROGRAM25

The future short-baseline experimental configuration is proposed to include three Liquid26

Argon Time Projection Chamber detectors (LArTPCs) located on-axis in the Booster Neutrino27

Beam (BNB) as summarized in Table I. The near detector (LAr1-ND) will be located in a28

new building directly downstream of the existing SciBooNE enclosure 110 m from the BNB29

target. The MicroBooNE detector, which is currently in the final stages of installation, is30

located in the Liquid Argon Test Facility (LArTF) at 470 m. The far detector (the existing31

ICARUS T600) will be located in a new building 600 m from the target between MiniBooNE32

and the NOvA near detector surface building. Figure 1 shows the locations of the detectors33

superimposed on an aerial view of the Fermilab neutrino experimental area. The following34

sections briefly describe the attributes of the three detectors; more detailed descriptions are35

provided in dedicated Design Reports submitted with this proposal. The initial physics studies36

are all based on the assumption that no modifications will be made to the existing BNB target37

and horn. However, studies are on-going to determine what changes could be made to the38

target and horn to re-optimize for LArTPC detectors and increase event rates per proton on39

target along the BNB.40

FIG. 1: Map of the Fermilab neutrino beamline area showing the axis of the BNB (yellow dashed

line) and approximate locations of the SBN detectors at 110 m, 470 m, and 600 m. The pink line

indicates the axis of the NuMI neutrino beam for reference.
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Detector Distance from BNB Target LAr Total Mass LAr Active Mass

LAr1-ND 110 m 220 t 112 t

MicroBooNE 470 m 170 t 89 t

ICARUS T600 600 m 760 t 476 t

TABLE I: Summary of the SBN detector locations and masses.

A. The Booster Neutrino Beam41

The Booster Neutrino Beam is created by extracting protons from the Booster accelerator42

at 8 GeV kinetic energy (8.89 GeV/c momentum) and impacting them on a 1.7λ beryllium43

(Be) target to produce a secondary beam of hardrons, mainly pions. Charged secondaries are44

focused by a single toroidal aluminum alloy focusing horn that surrounds the target. The45

horn is supplied with 174 kA in 143 µs pulses coincident with proton delivery. The horn can46

be pulsed with either polarity, thus focusing either positives or negatives and de-focusing the47

other. Focused mesons are allowed to propagate down a 50 m long, 0.91 m radius air-filled48

tunnel where the majority will decay to produce muon and electron neutrinos. The remainder49

are absorbed into a concrete and steel absorber at the end of the 50 m decay region. Suspended50

above the decay region at 25 m are concrete and steel plates which can be deployed to reduce51

the available decay length, thus systematically altering the neutrino fluxes. A schematic of the52

BNB target station and decay region is shown in Figure 2. See Refs. [1, 2] for technical design53

reports on the 8 GeV extraction line and the Booster Neutrino Beam.54

FIG. 2: Schematic drawings of the Booster Neutrino Beamline including the 8 GeV extraction line,

target hall and decay region.

The timing structure of the delivered proton beam is an important aspect for the physics55

program. The Booster spill length is 1.6 µs with nominally ∼ 5×1012 protons per spill delivered56

to the beryllium target. The main Booster RF is operated at 52.8 MHz, with some 81 buckets57

filled out of 84. The beam is extracted into the BNB using a fast-rising kicker that extracts all58

of the particles in a single turn. The resulting structure is a series of 81 bunches of protons each59

∼2 ns wide and 19 ns apart. While the operating rate of the Booster is 15 Hz, the maximum60
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allowable average spill delivery rate to the BNB is 5 Hz, set by the design of the horn and its61

power supply.62

The BNB has already successfully and stably operated for 12 years in both neutrino and anti-63

neutrino modes. The fluxes are well understood thanks to a detailed simulation [3] developed64

by the MiniBooNE Collaboration and the availability of dedicated hadron production data for65

8.9 GeV/c p+Be interactions collected at the HARP experiment at CERN [4]. Systematic66

uncertainties associated with the beam have also been characterized in a detailed way as seen67

in Refs. [3, 5] with a total error of ∼9% at the peak of the νµ flux and larger in the low and68

high energy regions.69
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FIG. 3: The Booster Neutrino Beam flux at the three SBN detectors: (left) LAr1-ND, (center)

MicroBooNE, and (right) ICARUS T600.

The neutrino fluxes observed at the three SBN detector locations are shown in Figure 3.70

Note the rate in the near detector is 20-30 times higher than at the MicroBooNE and ICARUS71

locations. Also, one sees the νµ flux is slightly broader at the far locations as a result of the larger72

solid angle viewed by the far detector. We’ll see later, however, that this does not introduce a73

significant systematic in oscillation searches. The shapes of the νe/ν̄e fluxes are more similar.74

The composition of the flux in neutrino mode (focusing positive hadrons) is dominated by νµ75

(93.6%), followed by ν̄µ (5.9%), with an intrinsic νe/ν̄e contamination at the level of 0.5%. The76

majority of the νµ flux originates from pion decay in flight (π+ → µ++νµ) except above ∼2 GeV77

where charged kaon decay is the largest contributor. A substantial portion of the intrinsic νe78

flux, 51%, originates from the pion → muon decay chain (π+ → µ+ → e+ + νe + νµ) with the79

remaining portion from K+ and K0 decays.80

B. The Detector Systems: MicroBooNE, LAr1-ND, ICARUS T60081

MicroBooNE82

MicroBooNE is currently in the final stages of construction and will be commissioned at83

the end of 2014. The experiment will measure neutrino interactions in argon for multiple re-84

action channels and investigate the source of the currently unexplained excess of low energy85

electromagnetic events observed by MiniBooNE. MicroBooNE also incorporates several impor-86

tant R&D features: the use of a non-evacuated cryostat, passive insulation of the cryostat and87

cryogenics, cold (in liquid) electronics, a long 2.56 meter drift distance, and a novel UV laser88

calibration system [6]. To accomplish these goals, the MicroBooNE detector is a 170 ton total89

mass (89 ton active mass) liquid argon TPC contained within a conventional cryostat [7]. The90
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active region of the TPC is a rectangular volume of dimensions 2.33 m × 2.56 m × 10.37 m.91

The TPC cathode plane forms the vertical boundary of the active volume on the left side of92

the detector when viewed along the neutrino beam direction (beam left). The MicroBooNE93

TPC design allows ionization electrons from charged particle tracks in the active liquid argon94

volume to drift 2.56 meters to a three-plane wire chamber. Three readout planes, spaced by 395

mm, form the beam-right side of the detector, with 3,456 Y wires arrayed vertically and 2,40096

U and 2,400 V wires oriented at ±60 degrees with respect to vertical. An array of 32 PMTs97

are mounted behind the wire planes on the beam right side of the detector to collect prompt98

scintillation light produced in the argon [8].99

MicroBooNE is approved to receive an exposure of 6.6× 1020 protons on target in neutrino100

running mode from the BNB. It will also record interactions from an off-axis component of the101

NuMI neutrino beam. During MicroBooNE running, the BNB will be operated in the same102

configuration that successfully delivered neutrino and anti-neutrino beam to MiniBooNE for103

more than a decade, thereby significantly reducing systematic uncertainties in the comparison104

of MicroBooNE data with that from MiniBooNE.105

As of the writing of this document, construction of the MicroBooNE TPC has been com-106

pleted and on June 23, 2014, the MicroBooNE vessel was moved to the Liquid Argon Test107

Facility (LArTF), a new Fermilab enclosure just upstream of the MiniBooNE detector hall.108

Final installation and detector commissioning has begun. MicroBooNE is on schedule to begin109

taking neutrino data in early 2015.110

LAr1-ND111

The design of the Liquid Argon Near Detector, or LAr1-ND [9], builds on many years of112

LArTPC detector R&D and experience from design and construction of the ICARUS T600,113

ArgoNeuT, MicroBooNE, and LBNF detectors. The basic concept is to construct a membrane-114

style cryostat in a new on-axis enclosure adjacent to and directly downstream of the existing115

SciBooNE hall. The membrane cryostat will house a CPA (Cathode Plane Assembly) and116

four APAs (Anode Plane Assemblies) to read out ionization electron signals. The active TPC117

volume is 4.0 m (width) × 4.0 m (height) × 5.0 m (length, beam direction), containing 112118

tons of liquid argon. Figure 4 shows the state of the conceptual design for the Near Detector119

building and the LAr1-ND TPC.120

The two APAs located near the beam-left and beam-right walls of the cryostat will each121

hold 3 planes of wires with 3 mm wire spacing. The APAs use the same wire bonding method122

developed for the LBNF APAs, but without the continuous helical wrapping to avoid ambiguity123

in track reconstruction. Along the common edge of neighboring APAs, the U & V wires are124

electrically “jumped”. TPC signals are then read out with banks of cold electronics boards125

at the top and two outer vertical sides of each detector half. The total number of readout126

channels is 2,816 per APA (11,264 in the entire detector). The CPA has the same dimensions127

as the APAs and is centered between them. It is made of a stainless-steel framework, with an128

array of stainless-steel sheets mounted over the frame openings. Each pair of facing CPA and129

APA hence forms an electron-drift region. The open sides between each APA and the CPA are130

surrounded by 4 FCAs (Field Cage Assemblies), constructed from FR4 printed circuit panels131

with parallel copper strips, to create a uniform drift field. The drift distance between each APA132

and the CPA is 2 m such that the cathode plane will need to be biased at -100 kV for a nominal133

500 V/cm field. The LAr1-ND design will additionally include a light collection system for134

detecting scintillation light produced in the argon volume.135
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FIG. 4: (Left) The LAr1-ND detector building concept. The neutrino beam center is indicated by

the orange dashed line and enters from the left. (Right) The LAr1-ND TPC conceptual design.

Overall, the design philosophy of the LAr1-ND detector is to serve as a prototype for LBNF136

that functions as a physics experiment. While the present conceptual design described here is an137

excellent test of LBNF detector systems sited in a neutrino beam, the LAr1-ND collaboration138

is exploring innovations in this design and the opportunity to further test them in a running139

experiment.140

ICARUS T600141

The ICARUS T600 detector installed in the underground INFN-LNGS Gran Sasso Lab-142

oratory has been the first large-mass LArTPC operating as a continuously sensitive general143

purpose observatory. The successful operation of the ICARUS T600 LArTPC demonstrates144

the enormous potential of this detection technique, addressing a wide physics program with the145

simultaneous exposure to the CNGS neutrino beam and cosmic-rays [10].146

The ICARUS T600 detector consist of two large identical modules with internal dimensions147

3.6× 3.9× 19.6 m3 filled with ∼ 760 tons of ultra-pure liquid argon, surrounded by a common148

thermal insulation [10, 11]. Each module houses two TPCs separated by a common central149

cathode for an active volume of 3.2 × 2.96 × 18.0 m3. A uniform electric field (ED = 500150

V/cm) is applied to the drift volume. The reliable operation of the high-voltage system has151

been extensively tested in the ICARUS T600 up to about twice the operating voltage (150 kV,152

corresponding to ED = 1 kV/cm). Each TPC is made of three parallel wire planes, 3 mm153

apart, with 3 mm pitch, facing the drift path (1.5 m) and with wires oriented at 00, ±600 with154

respect to the horizontal direction, respectively. Globally, 53,248 wires with length up to 9 m155

are installed in the detector. A three-dimensional image of the ionizing event is reconstructed156

combining the wire coordinate on each plane at a given drift time with ∼1 mm3 resolution over157

the whole active volume (340 m3 corresponding to 476 tons).158

The ICARUS T600 detector is now in the process of being moved to CERN for a com-159

plete overhauling preserving most of the existing operational equipment, while upgrading some160

components with up-to-date technology in view of its future near surface operation. The refur-161

bishing will include the following main activities:162

• realization of new vessels for LAr containment and new thermal insulation, based on163

similar technology as foreseen for LBNF and the near detector;164



SBN Oscillation Physics Program - v2.0 / 6

FIG. 5: (Left) The ICARUS T600 detector building concept. The neutrino beam center is indicated

by the orange dashed line and enters from the right. The existing MiniBooNE and MicroBooNE

buildings are also shown. (Right) ICARUS T600 detector schematic showing both modules and the

common insulation surrounding the detector.

• implementation of an improved light collection system, to allow a more precise event165

localization and the disentangling of the background induced by cosmic rays;166

• implementation of new readout electronics;167

• realization of an anti-coincidence system to automatically tag cosmic rays crossing the168

LAr active volume;169

• complete review and maintenance of the cryogenics and purification systems.170

The above program will be carried out in the context of a joint effort of the ICARUS171

Collaboration and CERN. The detector is expected to be transported to FNAL beginning of172

2017. Installation and operation at Fermilab will require significant involvement of Fermilab173

technical personnel. All of the above mentioned activities will also bring considerable value as174

R&D for a future long-baseline neutrino facility based on LAr.175

C. SBL Neutrino Anomalies and The Physics of Sterile Neutrinos176

Experimental observations of neutrino oscillations have established a picture consistent with177

the mixing of three neutrino flavors (νe, νµ, ντ ) with three mass eigenstates (ν1, ν2, ν3) whose178

differences turn out to be relatively small, with ∆m2
31 ' 2.4× 10−3 eV2 and ∆m21 ' 7.5× 10−5

179

eV2. However, in recent years, several experimental “anomalies” have been reported which, if180

experimentally confirmed, could be hinting at the presence of additional neutrino states with181

larger mass-squared differences participating in the mixing [12].182

Two distinct classes of anomalies pointing at additional physics beyond the Standard Model183

in the neutrino sector have been reported, namely a) the apparent disappearance signal in low184

energy anti-neutrinos from nuclear reactors beyond the expected θ13 effect [13] (the ”reactor185

anomaly”) and from Mega-Curie radioactive neutrino sources in the Gallium experiments [14,186

15] originally designed to detect solar neutrinos (the ”Gallium anomaly”), and b) evidence for187

an electron-like excess in interactions coming from neutrinos from particle accelerators [16–19]188

(the ”LSND and MiniBooNE anomalies”). None of these results can be described by oscillations189

between the three Standard Model neutrinos and, therefore, could be suggesting important new190
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FIG. 6: Left: Excess of electron neutrino candidate events observed by the LSND experiment [16].

Right: Oscillation probability as a function of L/Eν if the excess candidate events are assumed to be

due to ν̄µ → ν̄e transitions using MiniBooNE (red) and LSND (black) data.

physics with the possible existence of at least one fourth non-standard neutrino state, driving191

neutrino oscillations at a small distance, with typically ∆m2
new ≥ 0.1 eV2.192

The “reactor anomaly” refers to the deficit of electron anti-neutrinos observed in numerous193

detectors a few meters away from nuclear reactors compared to the predicted rates, with Ravg =194

Nobs/Npred = 0.927±0.023 [13]. The reference spectra take advantage of an evaluation of inverse195

beta decay cross sections impacting the neutron lifetime and account for long-lived radioisotopes196

accumulating in reactors [20, 21]. Recent updates have changed the predictions slightly giving a197

ratio Ravg = 0.938±0.023, a 2.7σ deviation from unity [22]. Moreover, some lack of knowledge of198

the reactor neutrino fluxes is still remaining and a detailed treatment of forbidden transitions in199

the reactor spectra computation may result in a few percent increase of systematic uncertainties200

[23]. A similar indication for electron neutrino disappearance has been recorded by the SAGE201

and GALLEX solar neutrino experiments measuring the calibration signal produced by intense202

k-capture sources of 51Cr and 37Ar. The combined ratio between the detected and the predicted203

neutrino rates from the sources is R = 0.86 ± 0.05, again about 2.7 standard deviation from204

R = 1 [14, 15]. Both of these deficits of low energy electron neutrinos over very short baselines205

could be explained through νe disappearance due to oscillations at ∆m2 ≥ 1 eV2.206

The LSND experiment [16] at Los Alamos National Laboratory used a decay-at-rest pion207

beam to produce muon anti-neutrinos between 20-53 MeV about 30 m from a liquid scintillator-208

based detector where ν̄e could be detected through inverse beta decay (IBD) on carbon, ν̄ep→209

e+n. After 5 years of data taking 89.7 ± 22.4 ± 6.0 ν̄e candidate events were observed above210

backgrounds, corresponding to 3.8σ evidence for νµ → νe oscillations [16] occurring at a ∆m2
211

in the 1 eV2 region. This signal, therefore, cannot be accommodated with the three Standard212

Model neutrinos, and like the other short-baseline hints for oscillations at L/Eν ∼1 m/MeV,213

implies new physics.214

The MiniBooNE experiment at Fermilab measured neutrino interactions 540 m from the215

target of the Booster Neutrino Beam (BNB), a predominantly muon neutrino beam peaking216

at 700 MeV. Muon and electron neutrinos are identified in charged-current interactions by the217

characteristic signatures of Cherenkov rings for muons and electrons. In a ten year data set218
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FIG. 7: Left: ν̄e (top) and νe (bottom) candidate events and predicted backgrounds showing the ob-

served excesses in the MiniBooNE data. Right: background subtracted event rates in the MiniBooNE

anti-neutrino (top) and neutrino (bottom) data [19]. EQEν refers to the reconstructed neutrino event

energy, where a quasi-elastic interaction is assumed in the reconstruction.

including both neutrino and anti-neutrino running [17–19, 24], MiniBooNE has observed a 3.4σ219

signal excess of νe candidates in neutrino mode (162.0±47.8 electromagnetic events) and a 2.8σ220

excess of ν̄e candidates in anti-neutrino mode (78.4± 28.5 electromagnetic events) as shown in221

Figure 7. Figure 6 compares the L/Eν dependence of the MiniBooNE anti-neutrino events to222

the excess observed at LSND. The excess events can be electrons or single photons since these223

are indistinguishable in MiniBooNE’s Cherenkov imaging detector. MicroBooNE will address224

this question at the same baseline as MiniBooNE by utilizing the added capability to separately225

identify electrons and photons.226

An important contribution to the sterile neutrino search has been made by the ICARUS227

Collaboration with the T600 detector running in the underground INFN-LNGS Gran Sasso228

Laboratory and exposed to the CERN to Gran Sasso (CNGS) neutrino beam [10]. Although229

not testing fully the relevant space of oscillation parameters, ICARUS results, corroborated230

by the OPERA experiment [25], limit the window for the LSND anomaly to a narrow region231

around ∆m2 ∼ 0.5 eV2 and sin2 2θ ∼ 0.005 [26], [27]. In this region, there is overall agreement232

between the present ICARUS limit, the limit from the KARMEN experiment [28], and the233

positive signals of LSND and MiniBooNE.234

The most common interpretation of this collection of data is evidence for the existence235

of one or more additional, mostly “sterile” neutrino states with masses at or below the few236

eV range. The minimal model consists of a hierarchical 3+1 neutrino mixing, acting as a237

perturbation of the standard three-neutrino model dominated by the three νe, νµ and ντ active238

neutrinos with only small contributions from sterile flavors. The new sterile neutrino would239

mainly be composed of a heavy neutrino ν4 with mass m4 such that the new ∆m2 = ∆m2
41 and240

m1, m2, m3 � m4 with ∆m2
41 ≈ [0.1− 10] eV2.241

In the 3+1 minimal extension to the Standard Model, the effective νe appearance and νµ242
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FIG. 8: (Left) The main published experimental results sensitive to νµ → νe at large ∆m2 [16–

19, 28–31] including the present ICARUS limit [27] from the run in Gran Sasso. Global analysis of

short-baseline neutrino results from Giunti et al. [32] (center) and Kopp et al. [33] (right). The blue

closed contour on the left and the red solid area on the right are the allowed parameter regions for
(−)
νµ →

(−)
νe appearance data and both indicate preferred ∆m2

41 values in the ∼[0.2–2] eV2 range.

disappearance probabilities are described by:243

P 3+1
να→νβ = δαβ − 4 |Uα4|2

(
δαβ − |Uβ4|2

)
sin2

(
∆m2

41L

4Eν

)
(1)

where Uij are elements of the now 4×4 mixing matrix and L is the travel distance of the244

neutrino of energy Eν . The interpretation of both the LSND and MiniBooNE anomalies in245

terms of light sterile neutrino oscillations requires mixing of the sterile neutrino with both246

electron and muon neutrinos. Constraints on sterile neutrino mixing from νµ and neutral-247

current disappearance data are also available. An explanation of all the available observations248

in terms of oscillations suffers from significant tension between appearance and disappearance249

data, particularly due to the absence of νµ disappearance in the ∆m2 ∼ 1 eV2 region. Many250

global analyses of experimental results have been performed fitting to models including one251

or more sterile neutrinos. Figure 8 shows two recent examples [32, 33] of fits to a 3+1 model252

which indicate similar allowed parameter regions in the ∆m2
41 ≈ [0.2 − 2] eV2 range when253

considering available νe/ν̄e appearance data. Later, in Section II A, we will compare SBN254

sensitivity predictions to the original LSND allowed region and the allowed parameter space in255

the global data fit from Kopp et al. [33] (the red combined region from Figure 8, right) and256

Giunti et al. [32] (the green combined region from Figure 8, center).257

D. The Current Experimental Landscape258

Given the importance of a sterile neutrino discovery, it is clear that the existing anomalies259

must be explored further by repeating the existing measurements in an effective way capable of260

addressing the oscillation hypothesis and many experiments are setting out to explore it [34].261

New reactor experiments searching for oscillations with L/Eν ∼ 1 m/MeV are in preparation262

aiming to detect an oscillation pattern imprinted in the energy distribution of events. Exper-263

imentally the detection technique relies on the IBD reaction, ν̄ep → e+n, where the positron264
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carries out the ν̄e energy and tagging the neutron provides a discriminant signature against265

backgrounds. The backgrounds from radioactive contaminants or induced by the reactor core266

and by cosmic rays can partially be suppressed through passive shielding while the remaining267

contribution can be measured in-situ at the analysis stage. The Nucifer experiment [35] at268

the Osiris nuclear reactor in Saclay could provide first new constraints by 2015. The Stereo269

experiment [36] will be constructed next to the ILL reactor in Grenoble, France. The DANSS270

[37] and Neutrino4 [38] experiments are under construction in Russia and should provide first271

data in 2015. Finally, comprehensive projects for searching for sterile neutrinos at reactors in272

China [39] and the US [40] are currently under study. All these experiments are designed to test273

the space of oscillation parameters deduced from the interpretation of the reactor anti-neutrino274

deficits.275

FIG. 9: Expected sensitivity curves at 95% C.L. for proposed neutrino experiments with radioac-

tive sources (a) and reactors (b) with the global fits to the existing gallium and reactor data (yellow

regions) [41].

New projects aiming to search for evidence of oscillations using neutrinos from intense276

radioactive sources have also been proposed. The SOX experiment [42] will perform such a277

measurement with a 10 MCi 51Cr source deployed at 8.25 m from the center of the Borexino278

detector in 2017. At Baksan a 3 MCi 51Cr source could be placed at the center of a target,279

containing 50 tons of liquid metallic gallium divided into two areas, an inner 8 ton zone and an280

outer 42 ton zone. The ratio of the two measured capture rates to its expectation could signify281

an oscillation. This is a well-proven technique free of backgrounds, developed for the SAGE282

solar neutrino experiment. The CeLAND and CeSOX projects plan to use 100 kCi of 144Ce in283

KamLAND [43, 44] and Borexino [42, 43] to produce an intense anti-neutrino flux which can be284

detected through the inverse beta decay process. The goal is to deploy the 144Ce radioisotope285

about 10 m away from the detector center and to search for an oscillating pattern in both event286

spatial and energy distributions that would determine neutrino mass differences and mixing287

angles unambiguously. The CeSOX experiment could take data as early as the end of 2015 at288

LNGS with Borexino.289

A new neutrino, ν4, heavier than the three active neutrinos should be detected in the290

KATRIN experiment [45]. The detector aims as measuring precisely the high energy tail of the291

tritium β-decay spectrum by combining an intense molecular tritium source with an integrating292

high-resolution spectrometer reaching a 200 meV sensitivity on the effective electron neutrino293
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mass at 90% C.L. The detection principle for a new sterile neutrino state is to search for a294

distortion at the high energy endpoint of the electron spectrum of tritium β-decay, since its295

shape is a priori very precisely understood. The KATRIN experiment can probe part of the296

current allowed region of the reactor anti-neutrino anomaly, especially for ∆m2
new > 1 eV2, with297

3 years of data-taking [46, 47]. First results are expected in 2016.298

As a long term project, a huge statistics of ν̄µ from the β-decay of 8He could be obtained299

through the development of a high-power low energy cyclotron. The IsoDAR project [48]300

proposes to place such a device underground in the Kamioka mine to search for an oscillation301

pattern in the KamLAND detector. This would be a disappearance experiment directly testing302

both the reactor and the gallium anomalies starting from a well known ν̄µ spectrum.303

The OscSNS project [49] proposes to locate an 800-ton gadolinium-doped scintillator detec-304

tor 60 m away from the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory305

in order to directly test the LSND results. This kind of facility has the advantage of producing306

a well-understood source of electron and muon neutrinos from π+ and µ+ decays-at-rest. The307

main search channel would be the appearance of ν̄e, taking advantage of the low duty factor of308

SNS to reduce cosmic induced backgrounds.309

A precision sterile neutrino search has been proposed with a clean and well-understood310

beam of νe and ν̄µ produced in a low energy neutrino factory by the decay of stored muons311

both at CERN [50] and Fermilab [51] by the nuSTORM project. Such a neutrino beam could312

be used to probe both appearance and disappearance processes including the golden channel313

of νµ appearance in a muon-free electron neutrino beam, which is not possible in a meson314

decay-in-flight beam.315

However, considering the present experimental scenario, an accelerator-based neutrino beam316

facility provides the best opportunity for a rich oscillation research program with a single317

experiment, where the existence of an oscillation signal in νe appearance and disappearance318

modes as well as νµ disappearance can be simultaneously investigated. Neutrino or anti-neutrino319

beams can be produced in the same experiment and, at accelerator beam energies, both charged-320

current and neutral-current channels can be explored. This is the approach of the short-baseline321

neutrino oscillation program on the FNAL Booster Neutrino Beam proposed here. MicroBooNE322

is blazing the trail on the BNB with liquid argon technology now, but the challenge of predicting323

absolute neutrino fluxes in accelerator beam experiments and the large uncertainties associated324

with neutrino-nucleus interactions, strongly motivate the use of multiple detectors at different325

baselines to reduce systematic uncertainties in the search for oscillations. The anomalous326

short-baseline results discussed in Section I C may be hinting at neutrinos oscillating with an327

amplitude 10 to 100 times smaller than the θ13 signals in experiments like Daya Bay, T2K,328

or MINOS, all multiple detector experiments. The Fermilab SBN Program, using detectors at329

different distances from the BNB source, will cover at high confidence level the entirety of the330

sterile neutrino parameter space suggested by the anomalies.331

Finally, the observed set of anomalous results in neutrino physics call for conclusive new332

experiments capable of exploring the indicated parameter regions in a definitive way and to333

clarify the possible existence of eV-scale sterile neutrinos. The accelerator-based short-baseline334

program presented in this proposal is the only means of testing the sterile neutrino picture335

through multiple channels in a single beam.336
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II. SBN OSCILLATION SEARCHES337

The SBN program of three LArTPC detectors along the Fermilab Booster Neutrino Beam338

delivers a rich and diverse physics opportunity. Neutrino-argon cross sections can be studied339

first in MicroBooNE and later with even higher statistics in LAr1-ND using the well character-340

ized neutrino fluxes of the BNB [3]. MicroBooNE and ICARUS will record samples of higher341

energy events, useful for LBNF, from the off-axis NuMI beam. The source of the MiniBooNE342

electromagnetic event excess will be directly checked in the same beam using the LArTPC tech-343

nology in order to separate e± from single γ interactions. Finally, of course, multiple detectors344

at different baselines allows a general, sensitive search for neutrino oscillations in multiple chan-345

nels. These constitute the flagship measurements of the SBN program, and so we dedicate this346

Section to a careful and detailed description of the sensitivity analysis for νµ → νe appearance347

and νµ → νx disappearance.348

In Section II A we provide a mathematical description of the analysis methods used to cal-349

culate the sensitivities. In Section II B we describe the procedures for selecting events for the350

νµ and νe analyses and characterize the in-detector intrinsic beam-related backgrounds to each.351

In Sections II C and II D we present the systematic uncertainties impacting these predictions352

related to the neutrino fluxes and neutrino interaction model, with particular emphasis on the353

correlations between different detector locations that enable the increased sensitivity of a multi-354

detector experiment. Section II E discusses detector related systematic uncertainties. Section355

II F deals with out-of-detector but beam-induced backgrounds; these include neutrino interac-356

tions in the earth surrounding each detector building, hence we often refer to this category as357

“dirt” events, though interactions in the the building, cryostat, and inactive argon surrounding358

the TPC which deposit energy in the detector are all included. In II G we discuss cosmogenic359

backgrounds and the strategies to mitigate them. Both the dirt and cosmogenic backgrounds360

only effect the νe analysis. Finally, we bring it all together and present the oscillation sensitiv-361

ities of the SBN program to νµ → νe appearance and νµ → νx disappearance in Sections II H362

and II I, respectively.363

A. Analysis Methods364

The sensitivity of the SBN program will be demonstrated using the commonly assumed365

framework of three active and one sterile neutrino, or a “3+1 model”, as our baseline for366

evaluation. Of course, other models could be assumed, such as those with multiple sterile367

states, but this choice provides a straight-forward way to compare to previous experimental368

results as well as to global data fits that were analyzed using the 3+1 model1. In the 3+1369

model, the effective oscillation probabilities are described by Eq 1, reproduced here explicitly370

for νe appearance (νµ → νe) and νµ disappearance (νµ → νµ):371

P 3+1
νµ→νe = sin2 2θµe sin2

(
∆m2

41L

4Eν

)
P 3+1
νµ→νµ = 1− sin2 2θµµ sin2

(
∆m2

41L

4Eν

)
with L the propagation length of the neutrino and Eν the neutrino energy, sin2 2θµe ≡ 4|Uµ4Ue4|2372

is an effective mixing amplitude that depends on the amount of mixing of both νµ and νe with373

1Of course, what we would like to know is the general ability of the experiment to observe either an excess or

a deficit relative to the expectation in the absence of any oscillation. In a sense, the 3+1 sensitivity contains

this information, but for many different possible distributions of the signal events across the observed energy

spectrum.
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FIG. 10: Illustrations of the oscillation probability at SBN for four different value of ∆m2
41 in a

3+1 sterile neutrino model: ∆m2
41 = 0.4 eV2 (upper left), 1.1 eV2 (upper right), 6 eV2 (lower left),

and 20 eV2 (lower right). In each panel, the left red curve shows the evolution of the probability with

distance at a fixed energy (Eν = 700 MeV). The right blue curve shows the probability versus energy

at a fixed location (600 m, the ICARUS T600 location).

mass state ν4, and sin2 2θµµ ≡ 4|Uµ4|2(1−|Uµ4|2) only depends on the amount of νµ–ν4 mixing. In374

our standard picture, any observation of νe appearance due to oscillations must be accompanied375

by some amount of νµ disappearance as well as for the similar νe disappearance.376

Figure 10 illustrates the oscillation probability in the SBN experiments for four different377

possible values of ∆m2
41. The red curves show the evolution of the oscillation probability with378

distance for a fixed neutrino energy, Eν = 700 MeV, while the blue curves demonstrate the379

oscillation probability across the full BNB neutrino energy range at the far detector location,380

600 m. From the top row (0.4 eV2 and 1.1 eV2), one can clearly see why the sensitivity increases381

with ∆m2 up to and a little beyond 1 eV2 as the oscillation probability at 600 m increases but382

also shifts toward the peak of the BNB flux. Also, note that the level of signal at the near383

detector location (110 m) is very small, making the near detector measurement an excellent384

constraint on the intrinsic beam content. For ∆m2 much larger than 1 eV2, as we see in the385

bottom row (6 eV2 and 20 eV2), the oscillation wavelength becomes short compared to the386

600 m baseline. As a function of energy in all detectors, the oscillations are rapid in neutrino387

energy and one observes an overall excess (or deficit) at all energies equal to half the value388

of sin2 2θ. Therefore, at high ∆m2, the near detector is also contaminated with signal and389

absolute normalization uncertainties become important in determining the sensitivity.390

The sensitivity is calculated by computing a χ2 surface in the (∆m2
41, sin2 2θ) oscillation391

parameter plane according to:392

χ2(∆m2
41, sin

2 2θ) =
∑
i,j

[
Nnull
i −N osc

i (∆m2
41, sin

2 2θ)
]

(Eij)
−1 [Nnull

j −N osc
j (∆m2

41, sin
2 2θ)

]
(2)

whereNnull
i is the expected event distribution in the absence of oscillations andN osc

i (∆m2
41, sin

2 2θ)393

is the event prediction for an oscillation signal determined by Eq. 1 with mass splitting ∆m2
41394

and amplitude sin2 2θ. The labels i and j indicate bins of reconstructed neutrino energy. Un-395

certainties, both statistical and systematic, are encoded in the covariance matrix, Eij. From396

this surface, sensitivity contours at different confidence levels (C.L.)2 can be identified based397

2∆χ2
90 = 1.64,∆χ2

3σ = 7.74, and ∆χ2
5σ = 23.40 corresponding to a one-sided, one degree of freedom ∆χ2 cut.
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on the χ2 values relative to the overall minimum value. We devote the next five Sections to398

describing how we estimate the background event vectors Nnull
i and the covariance matrices399

Eij for the νe appearance and νµ disappearance analyses.400

The total systematic covariance matrix is a combination of independent matrices constructed401

for each of the systematic uncertainties considered:402

Esyst = Eflux + Ecross section + Ecosmic bkgd + Edirt bkgd + Edetector (3)

and Etotal = Estat + Esyst where Estat is the completely uncorrelated statistical error matrix,403

Estat
ii = Nnull

ii . The flux and neutrino cross section covariance matrices are calculated using404

detailed Monte Carlo simulations based on GEANT4 and the GENIE neutrino event generator,405

respectively. Reweighting techniques are used to construct possible variations on the event dis-406

tributions due to uncertainties on the underlying parameters in the models. N such “universes”407

can be combined to construct the covariance matrix:408

Eij =
1

N

N∑
m=1

[N i
CV −N i

m]× [N j
CV −N

j
m], (4)

where i and j correspond to neutrino energy bins across all three detectors, NCV is the number409

of entries in each energy bin of the nominal event distribution, and Nm is the number of entries410

in the mth “universe”. Eij is the total covariance matrix, sometimes called the total error411

matrix, with matrix element units of (events)2. The fractional covariance matrix is generally a412

more useful result and is defined as413

Fij =
Eij

N i
CVN

j
CV

. (5)

From Eij can also be extracted the correlation matrix,414

ρij =
Eij√

Eii
√
Ejj

[−1 ≤ ρ ≤ 1], (6)

where ρij describes the level of correlation between bins i and j of the neutrino energy distri-415

butions.416

The flux and cross section error matrices have been constructed according to Eq. 4, while417

the cosmic background and dirt background error matrices are constructed differently as will418

be explained in the relevant Sections below.419

B. Intrinsic νe and νµ Event Rates420

We begin with a discussion of beam-induced neutrino interactions within the TPC active421

volumes that are selected when isolating νe and νµ charged-current events samples for analysis.422

Electron Neutrino Charged-Current Candidates423

Electron neutrino event candidates include intrinsic νe charged-current (CC) interactions as424

well as other beam-related (mostly νµ-induced) mis-identification backgrounds. The event selec-425

tion algorithms are given below and are applied identically to all three detectors in the analysis.426
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A full GEANT simulation of GENIE produced neutrino interactions in argon is used and se-427

lections are made based on predicted event kinematics. As a cross-check, neutrino interactions428

in the ICARUS T600 detector have been also independently simulated using FLUKA[52–54],429

and consistent results were found. The efficiencies applied to different event types are based on430

inputs from other simulation results, hand-scanning studies of both simulated and real events in431

different detectors, and analysis results from LArTPC experiments (e.g. ICARUS, ArgoNeuT).432

1. Intrinsic/Signal νe CC : νe charged-current interactions producing an electron with433

Ee > 200 MeV are accepted with an assumed 80% identification efficiency in our baseline434

sensitivity analysis. The 200 MeV shower threshold is applied to ensure good event435

reconstruction and identification. The simulation estimates this requirement sacrifices436

∼30% of the events in the 200-350 MeV reconstructed neutrino energy bin and less than437

5% above 350 MeV. It must noted, however, that the threshold for analysis of events438

in LAr should be well below this and lower energy events will be studied in the SBN439

experiments. The 80% efficiency is informed by hand-scanning exercises of simulated440

events in LArTPCs and significant effort is currently on-going to verify this performance441

with automated reconstruction algorithms. Stricter requirements on νe CC event selection442

have been discussed in the context of rejecting cosmogenic backgrounds (such as requiring443

visible hadronic energy at the vertex, a clear indicator of a ν + N interaction), but444

other handles on cosmogenic event rejection will likely deem this unnecessary (see Section445

II G). Also, selection efficiencies can depend on specific detector performance parameters.446

For instance, scanning exercises in the ICARUS detector indicate that the efficiency for447

recognizing isolated electron showers after the vertex is reduced ∼12% if only one 2-D448

view (collection) out of three is available for a complete event reconstruction (e.g. due to449

low signal-to-noise in the induction views). It will be important to carefully monitor such450

effects. Selected intrinsic νe CC candidates are shown in the green histograms in Figure451

11.452

2. NC γ production : Photons creating a shower above the 200 MeV selection threshold453

can fake the νe CC signature described above. For example, neutral-current interactions454

with any number of π0 in the final state or radiative resonance decays are sources of such455

γ’s. These events are analyzed according to the following criteria:456

• Second photon cut: If the second photon from a π0 decay (with Eγ > 100 MeV as an457

observation threshold) converts within the TPC active volume, the event is rejected.458

• Conversion gap cut: If the neutrino interaction is inside the active volume and459

produces more than 50 MeV of charged hadronic activity at the vertex, then the460

vertex is deemed visible. With a visible vertex, if all photon showers convert more461

than 3 cm from that vertex, the event is rejected.462

• dE/dx cut: For events passing the previous two cuts, a 94% photon rejection rate463

is applied, corresponding to the expected power of separating e/γ showers in the464

LArTPC using the energy deposited in the first few centimeters of an electromagnetic465

shower.466

Beam-related photon backgrounds are shown as the orange histograms in Figure 11 la-467

beled “NC Single γ”.468

3. νµ CC : νµ charged-current interactions with an identified primary electromagnetic (e.m.)469

shower within the fiducial volume could also be mis-identified as νe interactions if the muon470



SBN Oscillation Physics Program - v2.0 / 16

FIG. 11: Beam-related electron neutrino charged-current candidate events in LAr1-ND (left),

MicroBooNE (center), and ICARUS T600 (right). Statistical uncertainties only are shown. Data

exposures are indicated on the plots and assume inclusion of the full MicroBooNE data set.

is not identified. Minimum ionizing tracks longer than 1 m in BNB events are essentially471

all muons, so events with Lµ ≥ 1 m are rejected. Events with Lµ < 1 m and a single e.m.472

shower attached to the CC event vertex could be identified as a µ + γ (νµ CC) or π + e473

(νe CC) final state. We, therefore, check for the presence of candidate e.m. showers in νµ474

CC interactions following the same criteria as for NC γ events described above, and if not475

rejected we retain the event as a background for the νe CC sample. These are represented476

by the blue histograms in Fig. 11.477

4. Neutrino Electron Scattering : Neutrinos can scatter off an orbiting electron in an478

atom, ejecting the electron at high energy. Experimentally, the signature is a very forward479

going electron and nothing else in the event, which mimics a νe charged current interaction480

and will be selected with the same efficiency. However, the ν + e cross section is very low481

and so forms a secondary background. These are too small to be seen in Figure 11 but482

are included in the analysis.483

For estimating these background rates, the full GEANT simulation of events is important.484

By analyzing the conversion points of photons instead of just the true neutrino interaction485

vertex, we accurately account for acceptance effects in the differently shaped detectors. Because486

the e/γ separation is performed entirely with the first few centimeters of a shower, differences in487

total shower containment do not affect the assumption that the photon identification efficiency488

should be the same in each detector.489

To simulate calorimetric energy reconstruction, the incoming neutrino energy in each Monte490

Carlo event is estimated by summing the energy of the lepton (or the γ faking an electron)491

and all charged hadrons above observation thresholds present in the final state. This approach492

is used in the analysis of both νe and νµ charged-current events described next. It should be493

noted that this method is one possible approach to estimating the neutrino energy. The liquid494

argon TPC technology enables a full calorimetric reconstruction, but other methods can be495

used as well, such as isolating charged-current quasi-elastic (CCQE) events and assuming QE496

kinematics. The ability to apply complementary approaches to event identification and energy497

reconstruction will provide valuable cross checks of the measurements performed. The stacked498

beam-related backgrounds to the νe analysis are summarized in Figure 11 as a function of the499

calorimetric reconstructed energy for each of the SBN detectors.500
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Muon Neutrino Charged-Current Candidates501

Muon neutrino charged-current events are selected assuming an 80% reconstruction and502

identification efficiency. The only background contribution considered comes from neutral-503

current charged pion production, where the π± can be mistaken for a µ±. Simulations show504

pion tracks produced in the BNB are short with essentially no charged pions traveling more505

than a meter in the liquid argon. We, therefore, apply the simple cut of requiring a track506

longer than 50 cm in the event for the νµ CC selection. More sophisticated methods to separate507

pions and muons stopping in LAr are being explored, but this selection is sufficient for the508

current analysis. The resulting contamination from NC events is shown in Figure 12 and has a509

negligible impact on the oscillation sensitivity. Measurement resolutions have been introduced510

for this analysis by smearing both the reconstructed muon energy and hadron energy in the511

event and Eν = Eµ + Ehad-visible. The smearing of the muon energy changes depending on if512

the muon is fully contained within the active volume or if it exits the active volume with a513

minimum track length of 1 m and the energy must be estimated via the multiple scattering of514

the track. The distributions of selected muon neutrino charged-current events in each detector515

are shown in Figure 12.516
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FIG. 12: Muon neutrino charged-current inclusive events in LAr1-ND (left), MicroBooNE (cen-

ter), and ICARUS T600 (right). Statistical uncertainties only are shown. Data exposures are indi-

cated on the plots and assume inclusion of the full MicroBooNE data set.

C. Neutrino Flux Uncertainties517

BNB neutrino flux predictions and related systematic uncertainties are assessed using a518

detailed Monte Carlo program developed by the MiniBooNE Collaboration [3]. In the simula-519

tion, charged pion production is constrained using dedicated 8 GeV p+Be hadron production520

data from the HARP experiment [4] at CERN. Neutral kaon production has been constrained521

by BNL E910 data [55] and a measurement made at KEK by Abe et al. [56]. K+ production522

uncertainties are set by measurements made with the SciBooNE [57] detector when it ran in the523

BNB. In total, the BNB Monte Carlo treats systematic uncertainties related to the following524

sources:525

• Primary production of π+, π−, K+, K−, and K0
L in p+Be collisions at 8 GeV;526
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• Secondary interactions of p, n, π± in the beryllium target and aluminum horn;527

• Beam focusing with the magnetic horn.528

Primary hadron production uncertainties, whenever available, are taken directly from the529

measured cross sections which are used to constrain the Monte Carlo. In particular, in the case530

of π+ and π− production, the experimental uncertainties reported by the HARP experiment531

are directly used to set the allowed variation within the beamline simulation.532

Secondary interaction uncertainties are also evaluated. Table II summarizes allowed vari-533

ations on hadron-Be and hadron-Al cross sections in the simulation. The total cross section,534

σTOT; the inelastic cross section, σINE; and the quasi-elastic cross sections, σQEL are varied535

separately for nucleons and pions interacting with Be and Al. When we vary σINE and σQEL we536

fix the cross section of the other to hold the total cross section constant.537

TABLE II: Cross section variations for systematic studies of secondary hadron interactions in the

target and horn. For each hadron-nucleus cross section type, the momentum-dependent cross section

is offset by the amount shown [3].

∆σTOT (mb) ∆σINE (mb) ∆σQEL (mb)

Be Al Be Al Be Al

(p/n)-(Be/Al) ± 15.0 ±25.0 ± 5 ±10 ± 20 ±45

π±-(Be/Al) ± 11.9 ±28.7 ± 10 ±20 ± 11.2 ±25.9

Beam focusing systematics include uncertainty on the magnitude of the horn current538

(174 ± 1 kA) as well as skin depth effects describing where the current flows on the surfaces of539

the horn. The skin depth effect allows the magnetic field to penetrate into the interior of the540

horn conductor which in turn creates a magnetic field within the conductor. This will lead to541

deflections of charged particles which traverse the conductor, especially higher energy particles542

which do not penetrate deeply into the horn conductor. The effect can be approximated by543

modeling an exponentially decreasing field to a depth of about 1.4 mm. To asses the systematic,544

the field is turned on and off, which leads to an energy dependent effect of 1 to 18% for particles545

of < 1 GeV to 2 GeV, respectively [3].546

We currently don’t assess a systematic on hadron interactions with material downstream547

of the horn (including air, concrete, steel, etc.). These effects have been studied and found to548

contribute about 1% (2%) to the νµ (νe) fluxes, so even a large 50% uncertainty would make a549

negligible contribution to the total errors.550

Table II reports the contributions of the underlying systematics to the integrated νµ and νe551

fluxes along the BNB, revealing total normalization uncertainties of order 15% on both absolute552

predictions.553

Using Eq. 4 we compute the covariance matrix for all the systematic variations in the flux554

model. The fractional error matrix and flux correlation matrix are shown in Figure 13. We see555

that the event rates at different detector locations and for both νµ and νe fluxes are strongly556

correlated. These correlations are, of course, the key to SBN sensitivity. The high statistics557

measurement made in the near detector, together with the high levels of correlations between558

the near and far locations will eliminate the large normalization uncertainty highlighted in559

Table II when performing oscillation searches, a critical motivation for the multi-detector SBN560

configuration.561
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TABLE III: Variations in the total flux of each neutrino species in neutrino mode due to the sys-

tematic uncertainties [3].

Source of Uncertainty νµ νe
π+ production 14.7% 9.3%

π− production 0.0% 0.0%

K+ production 0.9% 11.5%

K0 production 0.0% 2.1%

Horn field 2.2% 0.6%

Nucleon cross sections 2.8% 3.3%

Pion cross sections 1.2% 0.8%

FIG. 13: The fractional flux covariance matrix (left) and correlation matrix (right). Both the νe
flux (11 energy bins from 0.2–3 GeV) and νµ flux (19 energy bins from 0.2–3 GeV) at all three de-

tector locations are represented; the dashed lines indicate the boundaries in the matrix.

D. Neutrino Interaction Uncertainties562

Uncertainties in the neutrino interaction model3 are the largest uncertainties affecting the563

normalization of events in the SBN detectors, but are expected to be highly correlated between564

detectors because of the use of the same target nucleus (argon). Only through second order565

impacts of neutrino fluxes or differences in the geometric acceptance of events in the detectors566

can the correlations be different than +1.0.567

Neutrino interaction uncertainties and correlations are evaluated using the GENIE [58]568

neutrino event generator and the framework of event reweighting that GENIE provides. Table569

IV lists the uncertainties used for this analysis and their nominal percent variation at 1σ,570

3including inclusive and exclusive differential cross sections off nucleons, models of the target nuclear medium,

and final state interaction effects on produced particles before leaving the nucleus
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Parameter Description 1σ Uncertainty (%)

MCCQE
A Axial mass for CC quasi-elastic -15%+25%

MCCRES
A Axial mass for CC resonance neutrino production ±20%

MNCRES
A Axial mass for NC resonance neutrino production ±20%

Rνp,CC1π
bkg Non-resonance background in νp, CC 1π reactions. ±50%

Rνp,CC2π
bkg Non-resonance background in νp, CC 2π reactions. ±50%

Rνn,CC1π
bkg Non-resonance background in νn,CC 1π reactions. ±50%

Rνn,CC2π
bkg Non-resonance background in νn,CC 2π reactions. ±50%

Rνp,NC1π
bkg Non-resonance background in νp,NC 1π reactions. ±50%

Rνp,NC2π
bkg Non-resonance background in νp,NC 2π reactions. ±50%

Rνn,NC1π
bkg Non-resonance background in νn,NC 1π reactions. ±50%

Rνn,NC2π
bkg Non-resonance background in νn,NC 2π reactions. ±50%

NC Neutral current normalization ±25%

DIS-NuclMod DIS, nuclear model Model switch

TABLE IV: Neutrino interaction model parameters and uncertainties. This information is repro-

duced here from the GENIE manual Section 8.1 [58] for convenience.

according to the GENIE documentation. This is a partial list of the available parameters571

within the GENIE framework, chosen here for their relevance to the SBN oscillation searches.572

The analysis does not currently include an estimate of uncertainties on final state interactions.573

We simulated 250 different cross section “universes” in which each of the model param-574

eters were varied at random from a Gaussian distribution with a 1σ spread equal to the 1σ575

uncertainty in the underlying physical quantity. Much more detail is available from the GENIE576

manual, chapter 8 [59], on both the underlying physical uncertainties and the methodology577

for propagating them to observed event distributions. Figure 14 shows the RMS of the 250578

simulated universes in the reconstructed neutrino energy bins used in the νe and νµ analyses,579

indicating absolute neutrino interaction model uncertainties of 10–15%. From these variations,580

the cross section covariance matrix, Ecross section, is constructed using Eq. 4. Figure 14 shows581

the fractional covariance matrix and correlations for the νe charged-current candidate events582

that were shown in Figure 11. The off-diagonal blocks of the correlation matrix indicate the583

correlations between events in different detectors. The diagonal elements within the off-diagonal584

blocks are the correlations between the same energy bins in different detectors and are seen to585

be near 1.0 in most cases.586

587

E. Detector Systematics588

The response of the different detectors has to be known to a sufficient precision to maxi-589

mize the experimental sensitivity and avoid introducing artificial detector effects mimicking the590
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FIG. 14: Absolute uncertainties on νe (upper left) and νµ (upper right) event rates at each of the

three SBN detectors due to neutrino cross section uncertainties. (Lower left) Fractional cross section

covariance matrix, Ecross section, for νe CC candidate events. (Lower right) The correlation matrix

for νe CC candidate events. Inspection of the diagonal elements of the off-diagonal blocks shows the

correlations between events in different detectors to be very near 1.0

sought for oscillation signal. In this respect, the adoption of the same detection technique for591

all the different detectors and of the same operation conditions, permits to virtually cancel out592

the impact of the detector response uncertainty on the final measurement.Possible second order593

effects can arise from differences in the details of the design and implementation of the various594

detectors. The most relevant physical parameters like the drift field and the TPC structure595

should be kept as close as possible. Detector systematic effects can be generated by differences596

between the near and the far detectors, for example:597

• The wire orientations in the TPCs;598

• TPC readout electronics (shaping, sampling time, S/N ratio, general noise conditions599

affecting the identification/measurement efficiency);600

• Residual differences in the electric drift field (absolute value and homogeneity);601

• Residual differences in the detector calibrations including the light collection systems and602

the identification of off beam interactions by timing;603
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• LAr purity levels in the detectors;604

• Different drift lengths and space charge effects;605

• Residual differences in background levels from dirt events and from cosmic rays including606

different coverage and efficiency of the cosmic tagging systems;607

• Effects induced by the different event rates at the two sites, event selection and identifi-608

cation efficiency including the different aspect ratios of the near and far detectors.609

As an example, the impact of the different wire orientation on the electron identification610

efficiency has been studied with a simulation - including the electronic wire signal and noise611

level actually measured in T600 - of the primary electrons produced in the νe CC interactions612

of the beam. The effect of the different collection wire orientation between LAr1-ND and T600613

turns out to be negligible on the expected dE/dx distribution, with ∼0.1% variations in the614

electron identification efficiency on the first 2 cm of the track. The corresponding multiplicity615

of occupied collection wires is expected to be affected by the different wire orientations and616

could introduce few percent differences in the electron identification efficiency. This effect would617

be negligible if the induction wire signals could be exploited too in the dE/dx measurement.618

Conservatively, measuring dE/dx only with the Collection wire signals and assuming to correct619

to 20% level with the data themselves the angular dependence of the wire multiplicity, the620

wire orientation would result in an almost negligible < 1% systematical effect in the selection621

efficiency.622

It should be noted that all the listed contributions can be directly measured with the data623

themselves, monitored during the experiment and corrected for in the analysis, largely reducing624

their impact on the measurement. An overall global detector systematics in the 2–3% range625

would preserve the experimental sensitivity and the capability to cover at the 5σ level the LSND626

allowed parameter region. We assume this systematic level as a requirement for the detectors.627

F. Beam-Induced “Dirt” Events628

Neutrinos from the BNB will interact in material surrounding the active detectors, including629

liquid argon outside of the TPC, the cryostat steel, structural elements or engineering support630

equipment in the detector hall, the building walls and floors, and the earth outside the detector631

enclosure. These interactions can produce photons (through π0 decay or other channels) which632

can enter the TPC and convert in the fiducial volume, potentially faking an electron signal.633

While it turns out the majority of interactions producing this background occur relatively close634

to the detector volume, the moniker “dirt” events is kept in analogy to its use in MiniBooNE635

plots and publications. This description, however, will refer to any backgrounds generated by636

beam neutrino interactions occurring anywhere outside of the TPC active volume. We consider637

this background only for the νe analysis as the out-of-detector contamination of the νµ charged-638

current sample is expected to be negligible.639

To estimate the dirt background, a Monte Carlo simulation is used which includes a realistic640

geometry description of the material surrounding the detectors. Due to the large mass but small641

probability for any given interaction to create energy inside the detector, it is challenging to642

generate large statistics. Substantial effort was put into generating a large Monte Carlo sample643

using the MicroBooNE simulation where the geometry description is the most detailed. Figure644

15 shows the distribution of interaction vertices for BNB neutrinos which deposit any detectable645
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FIG. 15: Location of interaction vertices for neutrinos which deposit any energy into the

MicroBooNE detector shown from above (left) and the side (right).

energy into the MicroBooNE detector. The walls of the LArTF (Liquid Argon Test Facility)646

building and the soil surrounding it are clearly visible. In the right image, the concrete supports647

can be seen, but not the foam insulation saddles that sit between the supports and the cryostat.648

The highest density of vertices is, of course, in the active volume of the detector.649

From this sample, events with an interaction vertex outside of the active TPC volume but650

that generate a photon which converts inside the detector, are selected. Due to the short651

radiation length in liquid argon (X0 = 14 cm), the argon volume surrounding the TPC inside652

the cryostat provides an effective shield for photons trying to enter from beyond the cryostat653

walls. Most of the interactions capable of creating a photon inside the fiducial volume, therefore,654

tend to happen in this outer argon region. This can be seen in the upper left panel of Figure655

16. The plot shows the creation point of all photons which then convert inside the MicroBooNE656

active volume, and they clearly pile up in the region just beyond the active volume boundary.657

Photons entering the detector are likely to interact within a few 10’s of centimeters of the658

TPC boundary, providing a handle with which to minimize this background. The lower panels659

of Figure 16 show the photon conversion point within the active volume projected onto the660

z-axis (the beam direction) and the x− y plane. To reduce this background in the νe analysis,661

we restrict the fiducial volume to an inner region of the detector 30 cm from the upstream662

and 25 cm from the side boundaries of the active TPC region, reducing the number of dirt663

background events by 80% in MicroBooNE. These fiducial volume boundaries are indicated in664

the figures for MicroBooNE, but are used uniformly in all three detectors in the analysis.665

A similar Monte Carlo sample has been generated for the LAr1-ND detector at 110 m.666

Figure 17 shows the creation point of all photons which then convert in the LAr1-ND active667

volume. While the dirt photons in MicroBooNE come in from both the upstream face and the668

sides of the detector (see Figure 16), in LAr1-ND they are more concentrated at the upstream669

face of the detector. This difference is due to two factors, i) the neutrino flux at the LAr1-ND670

location is still highly collimated so the event rate is peaked in the middle of the detector and671

falls off toward the detector sides, while it is uniform across the MicroBooNE detector face,672

and ii) the amount of argon outside of the TPC in the square LAr1-ND cryostat is less than673

the amount in the cylindrical MicroBooNE cryostat.674

A dedicated simulation of out-of-detector interactions at the ICARUS T600 site has not675

been generated. Instead, because the 470 m and 600 m locations are both in the region where676
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FIG. 16: (Top left) Photon creation position in the Y –Z, side view, projection for photons which

then convert inside the MicroBooNE active volume, possibly faking a νe CC interaction. (Top right)

Energy of the photons that convert inside the MicroBooNE detector but came from neutrino in-

teractions outside of the detector active volume. (Bottom left) Photon conversion position inside

the MicroBooNE detector projected onto the z-axis (z = 0 is the start of the TPC active volume;

only first 200 cm shown). The vertical dashed line is 30 cm from the front of the TPC. (Bottom

right) Photon conversion position in the X-Y , front view, for photons which convert downstream of

z = 30 cm (plot boundary is the TPC active volume; fiducial volume for νe analysis is indicated).

the flux is wider than the detectors, we can use the MicroBooNE predictions to scale to the677

far detector site and generate an estimate of the dirt background in ICARUS. We account for678

the different surface areas of the two detectors and scale the neutrino flux as 1/r2. To account679

for any differences in the background rate from photons entering the front vs. the sides of the680

detectors, we scale events in the beginning 50 cm of the MicroBooNE detector separately from681
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inside the LAr1-ND active volume.

those further downstream:682

NT600
dirt =

4702

6002
×2×

(
Front Area T300

Front Area µBooNE
NµB

dirt(z ≤ 50 cm) +
Side Area T300

Side Area µBooNE
NµB

dirt(z > 50 cm)

)
(7)

where NµB
dirt(z) is the number of dirt events predicted in MicroBooNE and z is the distance683

from the front of the active volume. Table V provides the total number of dirt background684

events expected in each detector according to the simulations for LAr1-ND and MicroBooNE685

and using Eq. 7 to estimate the rate in ICARUS.686

TABLE V: Estimated background levels in the νe charged-current sample from out-of-detector neu-

trino interactions in a 6.6× 1020 POT exposure.

Detector Estimated Dirt Background Events (6.6× 1020 POT)

z ≤ 50 cm z > 50 cm Total

LAr1-ND 26.2 17.0 43.2

MicroBooNE 2.38 19.5 21.9

ICARUS T600 5.15 57.0 62.2

Finally, we require an estimate of the error matrix associated with dirt backgrounds, Edirt.687

The dirt background rate in each detector can be constrained with data using a sample of688

electromagnetic shower events near the TPC boundary, or showers where the reconstructed689

momentum is consistent with the particle having entered the detector. This sample will be690

enhanced in dirt background events and can be used to validate the simulations. At this691

time, we conservatively estimate a 15% systematic uncertainty uncorrelated between detectors,692

but fully correlated within the energy spectrum in each detector. This covariance matrix is693
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constructed as694

Edirt
ij = (0.15×Ndirt

i )(0.15×Ndirt
j ) (8)

within each detector and is included in the sensitivity calculations.695

In the present analysis, we reduce the dirt background to manageable levels by restricting the696

fiducial volume used in the νe analysis. A more sophisticated approach has also been explored697

that would use the reconstructed shower direction in candidate events to project backwards698

from the vertex and calculate the distance to the nearest TPC boundary in the backwards699

direction. Cutting on this quantity on an event-by-event basis would allow us to further reduce700

the dirt backgrounds on all sides without sacrificing fiducial volume. This is referred to as the701

backwards-distance-to-wall variable, and is not used in the current analysis.702

G. Cosmogenic Backgrounds703

Another important background to the νe analysis is created by cosmogenic photons that gen-704

erate electrons in the detector via Compton scattering or pair production interactions that are705

misidentified as a single electron. Photons are created either in the atmospheric shower (“pri-706

mary photons”) or by cosmic muons propagating through the detector and nearby surrounding707

materials (“secondary photons”). In the case of an un-shielded detector at the surface, the708

background to a νe CC sample is mostly due to primary photons, but these can be easily ab-709

sorbed by a few meters of earth or concrete shielding. In simulations of the far detector, for710

example, a 3 m rock coverage reduces by a factor 400 the number of primary photons above711

200 MeV in the active volume, and secondary photons generated by muons passing through712

or very near the detectors becomes the dominant source of background. To further reduce the713

rate, we must identify cosmic showers through topological and timing information in the event.714

In an ideal situation where precise timing information is known for every track or shower715

inside the detector, only cosmogenic events in coincidence with the beam spill can contribute716

to the background. However, in a realistic situation, interactions occurring anytime within the717

acquisition time (which corresponds to the maximum electron drift time) may influence the data718

analysis, as will be explained below. Given the respective detector sizes, the maximum drift719

times are 1.28 ms in LAr1-ND, 1.6 ms in MicroBooNE and 0.96 ms in ICARUS, to be compared720

with the 1.6 µs duration of the beam spill from the BNB. Potential cosmogenic backgrounds721

can be categorized according to their time structure as:722

Timing case A: Cosmogenic photon interacts in the detector in coincidence with the beam723

spill.724

Timing case B: Cosmogenic photon interacts anywhere inside the drift time, and a different725

cosmic event (muon or otherwise) is in the detector in coincidence with the726

beam spill. If the arrival time of the photon is poorly known, it could be727

mistaken for the in-spill event.728

If not properly recognized, neutrino beam interactions occurring in LAr surrounding the729

TPC active volume or low energy neutral-current interactions that are not identified, can also730

provide a scintillation trigger in the beam spill leading to a situation similar to timing case B.731

Due to the relatively low neutrino interaction rate, this effect is smaller and is not currently732

included in the analysis, but has been roughly estimated in the illustration for the far detector733

in Table VIII.734



SBN Oscillation Physics Program - v2.0 / 27

Key topological information includes the location of the photon within the detector (just as735

with dirt events, externally produced γs will interact near the detector edges) and the proximity736

to the parent cosmic muon track in the case of secondary photons. Therefore, we identify two737

main categories of event topology:738

Topology I: Cosmogenic photon interacts inside the fiducial volume, and the parent muon739

also enters the TPC active volume.740

Topology II: Cosmogenic photon interacts inside the fiducial volume, but the photon orig-741

inated from the atmospheric shower (a primary), the parent particle is not742

visible (e.g. neutrons), or the parent particle does not enter the TPC active743

volume (e.g. muon misses the active volume).744

It should be emphasized that the most important outcome at this time is to understand if745

cosmogenic backgrounds can be reduced to a level that oscillation signals will be observed with746

sufficient S/
√
B. The absolute rate of events in the experiment will not introduce significant747

systematic uncertainty because it will be measured with high precision using off-beam random748

event triggers. This is a critical aspect of the experiment, and designing the DAQ systems to749

record sufficient random triggers must be considered.750

Estimation of the cosmogenic background rate requires a detailed simulation of the cosmic751

particle fluxes and their interactions in and around the detectors. As with the dirt backgrounds752

described in Section II F, a realistic geometry description and significant computational effort753

is required. For the current analysis, independent simulations have been developed by the754

MicroBooNE, LAr1-ND, and ICARUS collaborations. All future analysis of SBN data will,755

of course, be based on a common simulation, but the current development has provided some756

important opportunities for cross checks. We provide here brief descriptions of each simulation:757

• ICARUS: The ICARUS simulation uses FLUKA [52, 53] for both the cosmic ray showering758

and the particle transport to and inside the detector. FLUKA is a multipurpose Monte759

Carlo code used for several years to simulate cosmic showers in the atmosphere. Examples760

of its performance can be found in the literature, for instance the simulated flux of muons761

at different depths in the atmosphere agrees with CAPRICE data within experimental762

errors [60]. Similar agreement [61] is obtained with the muon spectra measured by the L3763

experiment, and predicted proton and lepton fluxes in the atmosphere are in very good764

agreement [62] with the AMS data. The ICARUS simulation is the most complete in765

that it includes both proton and ion primary cosmic ray sources and generates all particle766

content in the showers. Primary neutrons, for example, are found to contribute about767

10% of electron-like events. The energy spectra of different particle types predicted by768

the FLUKA simulations at 260 m above sea level (FNAL elevation is 225 m) are shown769

in Figure 18. The detector was simulated at the surface (not in a building) with and770

without 3 m of concrete overburden above the detector as mentioned above. The default771

in this analysis is with overburden.772

• MicroBooNE: The MicroBooNE simulations are performed with the CRY cosmic-ray773

shower simulation [63] as a primary particle generator and GEANT4 to transport particles774

into the MicroBooNE detector. The CRY package provides reasonable results in a fast and775

easy way, but has known limitations, such as the lack of a contribution from primary ions,776

a rigid binning structure that sacrifices some spectral details, and an under prediction of777

neutron, proton, electron, and γ shower content. Comparisons have shown that results778
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FIG. 18: (Left) Particle fluxes in the atmosphere at 260 m elevation (FNAL is at 225 m) according

to the FLUKA simulation.

obtained with CRY+GEANT4 in MicroBooNE and results scaled from the full FLUKA779

T600 simulation agree within a factor of two. The detector geometry is the most detailed780

and includes the LArTF building and substantial infrastructure, so there is some shielding781

effects from the building and platforms above the detector. The LArTF facility also has782

the ability to support concrete shielding blocks on the roof, but this is not included in783

the present simulations. Studies are continuing by the MicroBooNE collaboration to784

determine if the additional shielding should be added for the upcoming physics run.785

• LAr1-ND: The LAr1-ND cosmic muon flux is generated using Gaisser’s parameterization786

[64], with corrections for the Earth’s curvature and the muon lifetime. The muon flux787

simulation is performed at the Fermilab latitude, and muons are propagated through the788

LAr1-ND detector and building using GEANT4. The detector is simulated in a pit below789

grade, but without shielding above the detector. Only the muon component of the shower790

is included, but results from both the ICARUS and MicroBooNE simulations show this791

is by far the dominant contribution to the background, and the exclusion of primary792

photons and hadrons in the simulation is nearly equivalent to simulating a detector with793

some overburden.794

To get a sense for the situation, it is instructive to first look at some basic numbers coming795

from the far detector simulation. Cosmogenic interactions of all kinds depositing more than796

100 MeV of energy will occur in the T600 fiducial volume at ∼11 kHz, implying such an event797

inside the detector during 1 out of every 50 beam spills. A 6.6 × 1020 POT run represents798

approximately 1.32× 108 spills at nominal intensity, corresponding to 211 seconds of beam-on799

time throughout the experiment. ICARUS will, therefore, see 2.5 × 106 cosmic events during800

the beam spill time in the run. Further, ∼10 cosmic muon tracks will enter into the detector801

volume during the 0.96 ms drift time in each readout of the detector.802
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FIG. 19: (Left) Energy distribution (in GeV) of cosmic background photons inside the far detector.

(Right) Energy distribution of electrons produced in νe interactions in the far detector.

Figure 19 (left) shows the energy distribution of cosmogenic photons which interact in803

the TPC fiducial volume as calculated by far detector simulation (the others look similar, of804

course). The spectrum is steeply decreasing with energy. For reference, Figure 19 (right)805

shows the photon total cross section in argon in this energy range and the contributions of pair806

production (off a nuclear or electron field) and incoherent scattering (Compton scattering off807

an electron) [65].808

Cosmogenic photon interaction rates have been estimated in the three detectors using the809

simulations described above and the results are detailed in Table VI. In each detector, fiducial810

cuts as suggested by the beam dirt events analysis (Section II F) have been applied, namely811

25 cm from the sides of the active volume, 30 cm from the upstream face, 50 cm from the812

downstream face, and 1.5 cm from the cathode when applicable. Rates for both topology813

I and II events occurring within the beam spill (timing category A) are estimated directly814

from the simulations by scaling the time exposure represented in each Monte Carlo sample to815

211 seconds. Rows 1–4 of Table VI give the raw rates for both Compton and pair producing816

photons inside the fiducial volume with and without a parent muon that enters the TPC active817

volume. These numbers reveal several interesting features. First, the ratio of row 1 to row 2818

is ∼2% in each case, which is consistent with the size of the Compton scattering cross section819

in this energy range. Second, a comparison of rows 3–4 to 1–2 indicates that the liklehood820

of a photon converting in the fiducial volume where the parent muon completely misses the821

TPC is very small. The 25 cm active buffer around the fiducial volume motivated by the dirt822

backgrounds is also very effective at absorbing cosmogenic photons entering the detector from823

outside. And as we will describe below, the presence of the parent muon in the TPC provides824

a strong handle for rejecting the photon shower as a beam-related event. Finally, comparing825

the different columns of rows 1–4 does reveal some variability in the predicted cosmic photon826

rates in the three detectors. Factors of 2-3 may be expected due to differences in the input827

simulations as described above. The geometry of the detectors plays a role in the expected828
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TABLE VI: Background rates, assuming 3 years of data taking for a total of 6.6 × 1020 protons on

target, delivered in 1.32×108 beam spills equaling 211 seconds of beam time. Events with at least one

photon shower above 200 MeV converting in the fiducial volume are counted in all the γ entries.

Eγ > 200 MeV, Pair prod

Cosmic photon interaction description Timing Topology Ee > 200 MeV, Compton

Cat. Cat. LAr1-ND µBooNE ICARUS

1 γ Compton in spill, primary µ enters AV A I 887 206 599

2 γ Pair prod in spill, primary µ enters AV A I 52,300 11,600 32,000

3 γ Compton in spill, primary misses AV A II <1 <3 <4

4 γ Pair prod in spill, primary misses AV A II 55 82 11

5 γ Compton in drift, primary µ enters AV B I 2,250 1,030 3,300

6 γ Pair prod in drift, primary µ enters AV B I 132,900 57,950 176,000

7 γ Compton in drift, primary misses AV B II <3 12.4 <4

8 γ Pair prod in drift, primary misses AV B II 140 410 60

rates, as well. For example, the probability that a crossing muon produces a photon in the829

detector will scale as the average muon track length in the detector, and LAr1-ND has the830

largest average track length due to the detector’s 4 m height.831

Rows 5–8 of Table VI present the number of events of timing category B and are calculated832

directly from rows 1–4. We assume, to first order, that the time signal during the beam spill833

is produced by a cosmic muon entering the detector. Event category B is reducible if light834

signals in the argon are able to be correctly matched to the energy deposits that produce them,835

however, we initially assume this is not done. The number of category B events can then836

be calculated from the number of category A events that were estimated directly from the837

simulation. The scale factor ends up being Ndrift
µ , the average number of muons that enter the838

detector per readout during the full drift time:839

NB = P drift
γ × P spill

µ =

(
NA ∗

tdrift

tspill

)
×
(
Ndrift
µ ∗ tspill

tdrift

)
= NA ∗Ndrift

µ (9)

840

Our simulations indicate that Ndrift-LAr1-ND
µ = 2.5, Ndrift-MicroBooNE

µ = 5.0, and Ndrift-T300
µ = 5.5.841

The T300 is the right unit for the ICARUS detector since each T300 module is an optically842

isolated element of the full T600 detector.843

Table VI represents the raw number of cosmogenic photons that interact within the fiducial844

volumes of each detector during the proposed run. A number of strategies can be applied to845

reduce the cosmic backgrounds entering the νe analysis sample. Below we list the strategies846

being considered. Items 1–5 describe topology based cuts using TPC information only. Items 6–847

8 use precise timing information to reject events that are not coincident with the neutrino beam848

or to eliminate TPC beam triggers that are contaminated by cosmic activity in the detector849

during the beam spill.850

1) dE/dx: Pair production events can be rejected with the reconstruction of dE/dx in the851

initial part of the shower. Preliminary results show that only 6% of pair conversions852

present a dE/dx lower than 3.5 MeV/cm in the first 2.5 cm of the shower.853

2) Distance from the muon track: Figure 20 shows the distance of the cosmogenic photon854

conversion point from the parent muon track, whenever it also crosses the detector. A855
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cylindrical “muon anti-fiducial volume” of 15 cm radius around each muon track cuts856

>99% of the background photons above 200 MeV. The resulting loss in fiducial volume857

for the νe analysis (
∑

µ πR
2Lµ) is minimal, ∼1% per event on average in the far detector858

considering all muons in one drift time in one module.859

3) Clustering around muon tracks: Rather than a fixed cylindrical volume around tracks as860

in strategy 2), a variable “anti-fiducial” cut around each muon/charged particle can be861

defined by the zone of connected electromagnetic activity. The “connection” is built by862

walking out from the primary track, clustering hits and gathering clusters together. This863

appears to be a very effective cut, however its stability in different wire orientations and864

noise conditions has to be further established.865

4) Activity at the vertex: Requiring the presence of another ionizing track from the vertex866

would reject all Compton events and a further fraction of the pair production events.867

However, the same selection on νe events discards ∼25% of the signal, making this a cut868

of last resort.869

5) Backwards distance to the detector wall: This cut was introduced above in our discussion870

of dirt backgrounds to more efficiently identify showers from photons generated outside871

of the detector. Using the reconstructed shower direction in candidate events, one can872

project back from the vertex and calculate the distance to the nearest TPC boundary873

in the backward direction. Since the cosmogenic background is dominated by photons874

generated by muons inside the active volume, this cut has limited impact and needs875

further investigation before being applied.876

6) Scintillation light: Precise event timing information is available through the detection of877

scintillation light in the liquid argon. If PMT signals can be matched to the corresponding878

ionization signals with high efficiency, this would allow a large reduction of backgrounds879

falling into the timing category B introduced above. Studies are ongoing to characterize880

the matching performance and optimize the light collection systems in both LAr1-ND881

and ICARUS.882

7) Proton beam spill time structure: Measurement of event times with ∼1-2 ns accuracy883

would enable the exploitation of the bunched beam structure within the spill (∼2 ns wide884

bunches every 19 ns, see Section I A), to reduce cosmic backgrounds a factor of 3-4 by885

rejecting events that occur between bunches. The possibility to reduce the number of886

bunches by a factor of 2-3, while keeping the same number of protons per spill, will also887

be investigated in order to further increase this rejection factor.888

8) Muon tagging: A powerful way to reduce cosmogenic backgrounds would be to employ a889

cosmic tagging system external to the TPC volume capable of independently measuring890

the position and time of entering charged tracks. This information would greatly facilitate891

the reconstruction and identification of muon tracks in the TPC, leading to a reduction of892

both type A and B background categories. In the simplest application of this information,893

an external tagging and tracking system with high (e.g. >95%) coverage of the muon flux894

that creates potential backgrounds could be used to identify and reject detector readouts895

when a cosmic µ passes near the detector during the proton beam spill. Expected fluxes896

at the detector locations indicate this would reduce the beam data sets by roughly 2.5%,897

3%, and 5% at LAr1-ND, MicroBooNE, and ICARUS, respectively, while reducing the898

cosmic backgrounds in a very clean way.899
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FIG. 20: Shortest distance between the conversion point of cosmogenic photons and the parent

muon track for photons above 200 MeV.

Table VII illustrates the performance of topological cuts 1) and 2) applied to the Monte900

Carlo simulations. In particular, photon showers within 15 cm of the muon path are rejected901

and 94% of γ pair production showers are rejected corresponding to a dE/dx > 3.5 MeV/cm902

cut on the first 2.5 cm of the shower. Remaining background levels in the three detectors (order903

100 events) are summarized in Table VII, which can be directly compared to Table VI before904

these cuts. Also, listed for comparison are the expected numbers of intrinsic νe CC events and905

an example νe signal corresponding to the best fit oscillation parameters from [33]. In Section906

II H, we will present predicted event distributions when using these topological cuts, as well as907

illustrate the power of augmenting these with external muon tagging and timing selections.908

TABLE VII: Background rates, after topological cuts, assuming 3 years of data taking for a total

of 6.6× 1020 protons on target, delivered in 1.32× 108 beam spills equaling 211 seconds of beam time.

The cuts that have been applied relative to Table VI are (distance from the µ track) < 15 cm and

dE/dx > 3.5 MeV/cm.

Eγ > 200 MeV, Pair prod

Interaction description Timing Topology Ee > 200 MeV, Compton, νe
Cat. Cat. LAr1-ND µBooNE ICARUS

1 γ Compton in spill, primary µ enters AV A I 8 <3 <4

2 γ Pair prod in spill, primary µ enters AV A I 26 6 21

3 γ Compton in spill, primary misses AV A II <1 <3 <4

4 γ Pair prod in spill, primary misses AV A II <4 6 <1

5 γ Compton in drift, primary µ enters AV B I 20 12 30

6 γ Pair prod in drift, primary µ enters AV B I 66 29 113

7 γ Compton in drift, primary misses AV B II <3 12 <4

8 γ Pair prod in drift, primary misses AV B II 8 19 <4

Total Cosmogenic γ backgrounds 134 88 164

Intrinsic νe CC 15,800 413 1,500

Signal νe CC (∆m2 = 0.43 eV2, sin2 2θ = 0.013) 140 84 615
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An Illustration of Cosmogenic Rate Reductions in ICARUS909

As an illustration of the detector capabilities in rejecting the cosmogenic background, the910

external muon tagging system and event matching to the proton spill time structure (introduced911

in [66], [67]) can be applied in the first stages of the data selection in order to achieve an effective912

reduction of the data amount to be fully analyzed (Table VIII).913

TABLE VIII: Expected background event reduction in the T600 detector exploiting the muon tag-

ging system and the beam spill time structure. Event topology I refers to events with a muon track

crossing the active TPC volume and Event Topology II refers to events with no visible muon in the

TPC. The contribution from the non-identified neutrino interactions is also added.

Cosmic Background

Events

Total cosmic events in beam spills (211 sec. total) 2.5× 106

Cosmic triggers after the tagging system 2.4× 104

Surviving events after the spill structure exploitation 8020

Event Topology

I II

γ conversions 600 3

After distance from muon cut (15 cm) 6 3

Remaining cosmogenic backgrounds after dE/dx cut 1

Remaining cosmogenic background in non-identified BNB ν interactions 18

Total cosmogenic background after scintillation light exploitation 5

From the previous calculations of the cosmic ray flux impinging on the T600 detector (see914

Table VI), the predicted number of triggers produced by cosmics inside the 1.6 µs beam spill915

is globally ∼ 2.5 × 106 events. The corresponding predicted fraction of γ-ray conversions per916

imaging picture is about 0.12.917

The external muon tagging system can directly reduce the number of triggers produced by918

cosmic rays to ∼ 2.4×104 events, mostly associated with the ∼ 15% fraction of muons stopping919

inside the detector, assuming a 95% detection efficiency at each crossing. Assuming a factor920

3 of reduction can be achieved from the exploitation of the beam spill time structure, a total921

of ∼ 600 events with a converting γ with E > 200 MeV associated to a muon crossing the922

active TPC volume (event topology I) are expected in the T600. As described above, only923

1% of converting γ’s accompanied by a visible muon will satisfy the requirement of a minimal924

distance of 15 cm of the photon conversion from the muons, leaving ∼ 6 events.925

In addition, from Table VI, γ-ray conversion (E > 200 MeV) events are expected without926

a visible muon in the TPC’s (event topology II) in time with the bunched beam structure and927

under the conservative assumption that only 50% of them is recognized by the tagging system.928

Therefore the surviving 9 event sample is further reduced to ∼ 1 events by the reconstruction929

of the dE/dx in the initial part of the shower.930

If not properly recognized, neutrino beam interactions at low energy occurring both in931

active volume and in the external LAr could mimic a cosmogenic trigger in time with the beam932

spill. In such a case cosmogenic photons inside the drift time are expected to contribute to the933

background escaping any mitigation effect from the muon tagging system and the precise time934

matching with the beam spill structure. A rough conservative estimation of ∼ 3 × 105 events935
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will result in 18 events satisfying the previous selection criteria, namely the requirement of the936

minimal 15 cm distance from muon and dE/dx identification.937

The resulting total ∼ 19 background events could be further reduced to ∼ 5 events under the938

conservative assumption that the scintillation light system is capable to localize the triggering939

event within ∼ 4 m along the beam direction.940

The explicit request of absence of muon tagging in the event and the precise time matching941

with the bunched spill structure are expected to slightly reduce the νe CC event acceptance942

by ∼ 3%. The 200 MeV electron energy threshold will result in a reduction of ∼ 10% on943

the electron signal acceptance, while the corresponding reduction for a request of a minimal944

distance of the event vertex from the cosmic muon tracks is almost negligible, 0.7% on average.945

H. νµ → νe Appearance Sensitivity946

We are now ready to bring together the background predictions and uncertainty estimations947

detailed in the previous Sections to construct the experimental sensitivity to νµ → νe oscilla-948

tions. Figure 21 shows the full νe background predictions in each detector, including intrinsic949

νe beam events, neutral-current and νµ CC mis-IDs, out-of-detector beam related “dirt” back-950

grounds, and cosmogenic photon induced electromagnetic shower backgrounds. For comparison,951

a sample νµ → νe oscillation signal is also included at each detector location corresponding to952

the best-fit parameters from the Kopp et al. analysis [33] of ∆m2
41 = 0.43 eV2 and sin2 2θ =953

0.013.954

On the left in Figure 21 is shown the result when using the topological cuts 1) and 2)955

described in Section II G to reduce cosmic backgrounds. This analysis, using dE/dx information956

and the 15 cm cylinder cut around crossing muons, demonstrates the power of TPC information957

alone in reducing these backgrounds, rejecting more than 99% of cosmogenic photons when their958

parent muon is also visible in the TPC. However, as can be seen in the figures, the cosmogenic959

backgrounds remain a large contribution to the analysis, particularly at low energies, and960

additional hardware-based systems that can initially reduce the data sample in a very clean961

way are considered important additions to guarantee the success of the experiment.962

The right column of Figure 21 demonstrates the potential improvement when employing963

additional hardware solutions such as those introduced in Section II G. Precise timing infor-964

mation, in particular, can augment the TPC data by rejecting triggers where the 1.6 µs beam965

spill time is contaminated by a cosmic event in the detector. To generate the right hand dis-966

tributions of Figure 22, it is assumed that the combination of strategies 6–8 from above are967

applied to remove 95% of cosmogenic events in the first stages of data analysis, before entering968

into automated reconstruction and event selection algorithms. Given the dominance of muons969

passing very near the detectors as the source of cosmic backgrounds, most of this reduction970

should be straightforwardly achievable with a properly implemented external tracking system.971

Further rejection capabilities will come from precise event timing information from internal972

scintillation light collection systems, making this factor of 20 reduction a fairly conservative973

estimate of the power of strategies 6–8 combined.974

Table IX lists the integrated event totals represented in the histograms of Figure 21. The975

20× reduction from additional cosmic tagging discussed above is indicated in parenthesis. Ve-976

toing of events with cosmic activity in the beam spill using timing results in a reduction of all977

beam related event categories of 2.5%, 3%, and 5% in LAr1-ND, MicroBooNE, and ICARUS,978

respectively, which is not shown in the Table (for clarity) but is accounted for in Figure 21979

(right) and in the final sensitivity. One thing to note in Table IX is that the event counts980
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FIG. 21: Electron neutrino charged-current candidate distributions in LAr1-ND (top),

MicroBooNE (middle), and ICARUS T600 (bottom) shown as a function of reconstructed neutrino

energy. All backgrounds are shown. In the left column, only muon proximity and dE/dx cuts have

been used to reject cosmogenic background sources. In the right column, a combination of the inter-

nal light collection systems and external cosmic tagger systems at each detector are assumed to con-

servatively identify 95% of the triggers with a cosmic muon in the beam spill time and those events

are rejected. Oscillation signal events for the best-fit oscillation parameters from Kopp et al. [33] are

indicated by the white histogram on top in each distribution.

listed for Dirt and Cosmogenic events are larger than those given in Sections II F and II G.981

This is a result of energy smearing effects which are properly simulated in the final sensitivity982

analysis (15%/
√
E), but not in the earlier stages of simulations that generate the predictions.983

The predicted background energy spectra are provided well below the 200 MeV cutoff value984

used in the analysis such that events can be properly smeared in both directions. Because both985

backgrounds are steeply falling functions of photon energy, more events smear into the analysis986

range than smear out. This is properly handled in the analysis and leads to an increase in event987
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TABLE IX: Event rates in the νe charged-current candidate sample in the range 200–3000 MeV

reconstructed neutrino energy for 6.6 × 1020 protons on target in LAr1-ND and the ICARUS T600

and 13.2 × 1020 protons on target in MicroBooNE. The numbers listed correspond to the application

of topological cuts 1) & 2) for reducing cosmogenic backgrounds. In parentheses are indicated the

reduced cosmogenic background rate when a 95% efficient time-based ID system is used to reject con-

taminated triggers. Vetoing of these events results in a reduction of all beam related event categories

of 2.5%, 3%, and 5% in LAr1-ND, MicroBooNE, and ICARUS, respectively, which is not shown but

is accounted for in Figure 21 and 22.

LAr1-ND MicroBooNE ICARUS T600

6.6× 1020 p.o.t. 13.2× 1020 p.o.t. 6.6× 1020 p.o.t.

µ→ νe 6,712 338 607

K+ → νe 7,333 396 706

K0 → νe 1,786 94 180

NC π0 → γγ 1,356 81 149

NC ∆→ γ 87 5 9

νµ CC 484 35 51

Dirt events 44 47 67

Cosmogenic eventsa 156 (8) 220 (11) 204 (10)

Signal (∆m2 = 0.43 eV2, sin2 2θ = 0.013) [33] 139 167 615

aThese predictions exclude a small correction from the case where an unidentified neutrino interaction

provides the scintillation trigger, as discussed in Section II G.

count relative to the earlier values which cut on generated photon energies.988

Figure 22 presents the experimental sensitivity of the proposed Fermilab SBN program to989

νµ → νe appearance signals. As discussed in Section I C, a 3+1 model is used as the basis for990

quantifying the sensitivity, so we present the result in the (∆m2
41, sin2 2θ) plane and compare991

to the original LSND allowed region [16] and two recent 3+1 global data fit results [32, 33].992

Two sensitivities are shown, corresponding to the analysis with and without the additional 95%993

cosmic background rejection coming from timing information described above. On the left is994

the sensitivity with only TPC topology cuts to identify cosmogenic events, and on the right is995

with the additional rejection. The LSND 99% C.L. allowed region is covered at the > 5σ level996

in both cases, but one sees a clear reduction in the sensitivity at low ∆m2 where oscillations997

occur at lower energies - exactly where cosmic backgrounds populate. While the 3+1 sensitivity998

seems fairly robust to this level of cosmic contamination, it is important to note that this is999

only in the context of a specific model and there are other motivations for taking additional1000

measures to mitigate these backgrounds further as in the second case. The low energy region1001

is a particularly important region to explore, especially given the anomalies reported in that1002

region by the MiniBooNE experiment [18, 19].1003

The sensitivity results presented in Figure 22 incorporate all background sources and related1004

uncertainties described in this proposal except detector related systematics as introduced in1005

Section II E. Each of the rate predictions and other systematic uncertainties (i.e. flux and1006

cross section) in the analysis are built using advanced, sophisticated simulation programs,1007

while current estimates of detector related systematics come from hand scanning of events,1008

empirical experience with these and other detectors, or toy Monte Carlo studies. Studies to1009
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FIG. 22: Sensitivity predictions for νµ → νe oscillations including all backgrounds and system-

atic uncertainties described in this proposal (except detector systematics, see text). The sensitivities

shown correspond to the event distributions in Fig. 21. The result on the left is using only topolog-

ical information provided by the TPC to reject cosmogenic backgrounds. The result on the right in-

cludes an additional 95% rejection factor coming mainly from an external cosmic tagging system to

reject muons arriving at the detector in time with the beam.

investigate the level of uncorrelated detector systematics that can be tolerated while preserving1010

the experimental sensitivity and the capability to cover at the 5σ level the LSND allowed1011

parameter region have indicated that total uncertainties in the 2–3% are acceptable. All studies1012

performed to date suggest these can be well controlled for a multi-detector experiment, with1013

individual studies all coming in at ≤ 1% (see Section II E).1014

Finally, in Figure 23, we present the sensitivity in a slightly different way that facilitates1015

easier comparison between different results. Rather than plot lines of common confidence level1016

(90%, 3σ, 5σ) in the (∆m2, sin2 2θ) plane, we plot the significance with which the experiment1017

covers the 99% C.L. allowed region of the LSND experiment as a function of ∆m2. The curves1018

in the bottom plot of the Figure are extracted by asking what χ2 value the analysis produces1019

at each point along the blue highlighted line in the top plot. The gray bands correspond to1020

∆m2 ranges where LSND reports no allowed regions at 99% C.L.1021

The three curves shown in Figure 23 present the significance at which the experiment1022

covers the LSND result for the three different possible combinations of SBN detectors: LAr1-1023

ND + MicroBooNE only (blue), LAr1-ND + ICARUS only (black), and all three detectors1024

in combination (red). This presentation makes clear the contributions of the MicroBooNE1025

and ICARUS T600 detectors as far detectors in the oscillation search. The presence of the1026

large mass added by the ICARUS T600 detector is imperative to achieving >5σ coverage, but1027

MicroBooNE, by starting to run several years earlier, also makes a valuable contribution to the1028

strength of the program, especially in the 1 eV2 region.1029
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FIG. 23: Sensitivity comparisons for νµ → νe oscillations including all backgrounds and sys-

tematic uncertainties described in this proposal (except detector systematics, see text) assuming

6.6× 1020 protons on target in LAr1-ND and the ICARUS T600 and 13.2× 1020 protons on target in

MicroBooNE. The three curves present the significance of coverage of the LSND 99% allowed region

(above) for the three different possible combinations of SBN detectors: LAr1-ND + MicroBooNE

only (blue), LAr1-ND + ICARUS only (black), and all three detectors (red).
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I. νµ → νx Disappearance Sensitivity1030

The νµ disappearance sensitivity is not affected by the dirt or cosmogenic backgrounds1031

discussed above. The critical aspects to this evaluation are the neutrino flux and interaction1032

model uncertainties described in Sections II C and II D. The absolute flux and cross section1033

uncertainties in any detector along the BNB are larger than 10%, but the high correlations1034

between the near detector and the MicroBooNE/ICARUS T600 event samples along with the1035

excellent statistical precision of the LAr1-ND measurements will make the SBN program the1036

most sensitive νµ disappearance experiment at ∆m2 ∼1 eV2.1037

Figure 25 presents the νµ disappearance sensitivity assuming 6.6 × 1020 protons on target1038

exposure in LAr1-ND and ICARUS T600 and 13.2 × 1020 protons on target in MicroBooNE.1039

The red curve is the 90% confidence level limit set by the SciBooNE and MiniBooNE joint1040

analysis [68] and is to be compared to the solid black curve (also 90% C.L.) for the LAr SBN1041

program presented here. Figure 24 shows two examples of νµ → νx oscillation signals (for1042

∆m2 = 0.44 eV2 and 1.1 eV2) in the three detectors for the exposures given above.1043

The νµ disappearance measurement is a critical aspect of the SBN program and is needed to1044

confirm a signal, if seen in νe appearance, as oscillations. Also, a genuine νµ → νe appearance1045

can be accompanied by a disappearance of the intrinsic νe beam component, since the three1046

oscillation probabilities are related through a common mixing matrix. As an example, in the1047

case of one additional sterile neutrino, sin2 2θµe ∼ 1/4 sin2 2θµµ · sin2 2θee, which is valid for1048

small mixing angles. The ability to perform simultaneous searches for oscillation signals in νe1049

and νµ data is a major advantage for the FNAL SBN Oscillation Physics Program.1050
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FIG. 24: Examples of νµ disappearance signals in the SBN detectors for ∆m2
41 = 0.44 eV2 (top)

and ∆m2
41 = 1.1 eV2 (bottom).
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FIG. 25: Sensitivity prediction for the SBN program to νµ → νx oscillations including all back-

grounds and systematic uncertainties described in this proposal (except detector systematics, see

text). SBN can extend the search for muon neutrino disappearance an order of magnitude beyond

the combined analysis of SciBooNE and MiniBooNE.
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Appendix A: Detector Volumes and Masses1051

TABLE X: TPC active and fiducial volumes in each SBN detector used in these analyses.

Detector volume W (cm) H (cm) L (cm) volume (m3) argon mass (tons)

LAr1-ND Active 2×200 400 500 80.0 112

LAr1-ND Fiducial (νµ analysis) 2×183.5 370 405 55.0 77.0

LAr1-ND Fiducial (νe analysis) 2×173.5 350 420 51.0 71.4

MicroBooNE Active 256 233 1037 61.9 86.6

MicroBooNE Fiducial (νµ analysis) 226 203 942 43.2 60.5

MicroBooNE Fiducial (νe analysis) 206 183 957 34.2 47.9

ICARUS T600 Active 4×150 316 1795 340.3 476

ICARUS T600 Fiducial (νµ analysis) 4×133.5 286 1700 259.6 363

ICARUS T600 Fiducial (νe analysis) 4×123.5 266 1715 225.4 315
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